INTRODUCTION
Transport of sugars in streptococci is mediated principally by the phosphoenolpyruvate : sugar phosphotransferase system (PTS) which concomitantly catalyses the phosphorylation and the translocation of mono-and disaccharides across the membrane via a chain of enzymic reactions that transfer a phosphate group from PEP to the incoming sugar (Thompson, 1987; Meadow e t al., 1990; Postma ef a/., 1993) . In Streptococczrs saliuaritls, mannose is transported by a constitutive PTS consisting of a membrane-bound EIIMan and two forms of IIIMa", with molecular masses of 38.9 kDa (HIEan) and 35.2 kDa (I1IFa''), which are found associated with the membrane as well as free in the cytoplasm (Vadeboncoeur & Gauthier, 1987; Bourassa e t al., 1990) . The system has a broad \pecificity, recognizing mannose, glucose, fructose and 211G (Vadeboncoeur, 1984) and is involved in several types of regulatory functions including control of gene expression and diauxic growth on sugars (Bourassa & Vadehncoeur, 1992; Brochu et al., 1993; Gauthier e t al., 1990; 1,apointe e t al., 1993) .
We previously re orted the isolation and characterization of several 1IIEj)andeficient mutants (Bourassa & , Brochu e t al., 1993 ; Gauthier e t al. , 1990; Lapointe etal., 1993) . O n the basis of their ability to grow on mannose, these mutants can be divided into two groups: some strains are unable to grow on 0.2% mannose whereas others can grow on 0.2% mannose, albeit very slowly. The growth of the mutants of the second group is, however, improved by increasing the concentration of mannose in the culture medium, suggesting that mannose is transported in these mutants by a low-affinity transport system. We also found that an inducible EIIFrU is derepressed in IIIFan-deficient mutants able to grow on mannose but normally controlled in the other mutants. This inducible EIIFrU has been identified and is a membrane protein of molecular mass 57.5 kDa (Bourassa & Vadeboncoeur, 1992) . We present in this work results demonstrating that this inducible EIIFrU is also able to transport mannose.
METHODS
Bacterial strains and growth conditions. The parental strain used in this study was Streptococcus salivarius ATCC 25975, provided by Dr I. R. Hamilton (University of Manitoba, Canada) . The isolation and partial characterization of the spontaneous III;""-negative mutant A37 as well as the culture conditions were reported previously (Gauthier e t a/., 1990 Rodrigue et al. (1988) . Membrane-free cellular extracts as well as membranes containing the EII"""/IIIMa" complex and the other EIIs wcre prepared as follows. Cells were ground with levigated alumina (3 g alumina per g wet cell paste) for 20 min in a refrigerated mortar (-40 "C), and 2 ml 10 mM potassium phosph:tte (pH 7.5) containing 1 mM EDTA, 14 mM 2-mercaptoethanol, 0.1 mM PMSF, 0.1 pM Pepstatin A and 0-1 pM Leupeptin u as added for each gram of cells. Alumina was removed by centrifugation at 3000 g for 5 min, and cell debris and intact cells were sedimented at 16000g for 20 min. The supernatant (membrane-free cellular extract) was collected and membrane fragments were sedimented at 140000 g overnight. Tne rehulting pellet was resuspended in 10 mM potassium phosphate (pH 7.5) containing 1 mM EDTA, 14 mM 2-mercaptoethanol, 0.1 mM PMSF, 0.1 pM Pepstatin A and 0.5 M KC1 and then centrifuged once more at 180000g for 5 h. The membranes wcre then suspended in the same buffer without KCl and frozen at -20 "C.
IllMa" analysis by Western blotting. The presence of 111""" was determined by SDS-PAGE and Western blotting. Cells were grown overnight in 10 ml medium containing 0.2% (w/c) glucose. Three millilitres of the culture were centrifuged and the pellet was resuspended in 150 pl 10 mM potassium phosphate (pl3 7.5) containing 1 mM EDTA, 0-3 ' YO SDS and 0.72 pM 2-mercaptoethanol, and sonicated at room temperature with the pulse mode (14 pulses) at energy level 5 with a model VI' 350 sonicator from Heat System-Ultrasonic. i\fter sonication, the suspension was boiled for 5 min. The proteins in the sample were then separated by PAGE in the presence of SDS :is described by Laemmli (1970) (1979) . Blotting was done with rabbit polyclonal antibodies directed against 111;"" and antrabbit alkaline phosphatase conjugate as described by Bio-Racl. Anti-111:"" antibodies react with both 111~"" and 111;"" (Bourassa et a/., 1990). Uptake experiments. The uptake of [14C]sugars by cells was performed at 10 "C (except for the uptake of mannose by strain 57P which was conducted at 37 "C) as described by Bourassa 8: in a medium containing 50 mM sodium phosphate buffer (pH 7.0) and 10 mM iodoacetate.
Phosphorylation of proteins using [32P]PEP.
[32P]PEP was synthesized from [y-32P] ATP using purified PEP carboxykinase from Escherichza coli K12 (kindly provided by D r A. H. Goldie, LJniversity of Saskatchewan, Canada) as described by Mattoo 8: VC' a17good (1 983). The procedure of Waygood et al. (1986) fo I the phosphorylation of proteins was followed with sligh: modification. Samples were incubated for 6 min at room temperature in 60 pl medium containing 0.1 mM ["P]PET' (lo6 c.p.m. nmol-l), 5 mM MgCI,, 12.5 mM NaF and 0.01 PUT HEl'EiS (pH 7.5). Fresh membrane preparations (150 pg pro-. bromophenol blue. Samples were loaded on a 12*5(Y0 (w/v) acrylamide gel over a 30 min period during which the samples were at room temperature. A current of 25 mA per gel was applied during the electrophoresis. Phosphoproteins were detected by autoradiography of dried gels performed at room temperature using Iiodak X-ray films (S-Omat AR) with exposure times ranging from 5 to 18 h. Assay for Ell activity. EII activity was assayed as described by Hamilton et a/. (1989) by measuring the PEP-dependent phosphorylation of 14C-labelled sugars by EII-containing membranes in the presence of excess purified HPr and EI.
Analytical procedures. Total protein was measured by the Lowry method with bovine serum albumin as the standard. Mannose 6-phosphate was assayed at room temperature by the enzymic method of Gracy & Noltman (1968) . The assay medium contained in 1 ml:50 mM imidazole/HCl (pH 7*0), 1.5 mhl NADP', 1.8 U glucose-6-phosphate dehydrogenase, 4.2 U glucose-6-phosphate isomerase, 1 U phosphomannose isomerase and 100 pl of the sample to be analysed. The amount of mannose 6-phosphate was determined after 15 rnin by measuring the optical density at 340 nm.
RESULTS

Mannose transport by EllFrU
Mutant A37 was isolated as a spontaneous 2DG-resistant strain from 5'. saliuari~ls ATCC 25975. This mutant lacks 111~"" and, consequently, is unable to grow on 0.2% mannose (generation time > 600 min) (Gauthier e t a/., 1990). Strain 57P, derived from mutant A37, has, however, recovered the ability to grow on 0.2% mannose (generation time 90 min), albeit at a reduced rate when compared to the wild-type strain (generation time 40 min). Strain 57P was not a revertant to the wild-type 
salivarius, mutant A37 and pseudorevertant 57P
The reacrlc~n mixture (600 pl) contained 50 mM sodium phosphart (pH 7.0), 4 mM MgCl,, 2 mM PEP, 5 mM 2-mercaptoethanol, 10 mM NaF, 1 mM 14C-labelled sugars [O-1 $3 pmol-' (3' i kBq pmol-')I, 50 pg HPr, 1 pg EI, and membrane fragment4 (200 pg protein) as a source of EII and 111""".
Activitic i ,ire expressed as nmol phosphor) lated sugar (mg membrane protein)-' (60 min) '. The values are the means of two to three determinations except for activities of fructosegrown tell\ of strain 57P. The standard deviations of the means were le\4 than 15 YO strain 57P after growth on glucose but not in mutant A37. Results shown in Fig. 1 phenotype as it was still devoid of IIIE"" as revealed by Westc rn blot experiments using anti-IIIMan antibodies (not shown) and by PEP-dependent phosphorylation of proteins (Fig. 1) .
In order to determine whether the transport system that allowed pseudorevertant 57P to metabolize mannose was a PTS, we measured EII activities in the wild-type strain, in mutant A37 and in strain 57P after growth on glucose and fructose. Results shown in Table 1 indicate that glucowgrown cells of strain 57P possessed, as opposed to mutant A37, mannose-PTS activity. Several lines of evidence suggested that this activity was independent of the niannose-PTS involving IIIMan but was related to the EIIF' ' I . First, addition of crude preparation of IIIMa" stimulated mannose-PTS activity in the wild-type strain but not mannose-PTS activity in strain 57P (not shown), indicating that the PEP-dependent phosphorylation of mannose observed in this strain was not catalysed by the mannose-PTS. We previously reported (Gauthier e t al., 1990) that IIIMa" preparations containing both forms of do not complement the defect in several spon-IIIM I n taneous III?""-deficient mutants including A37, suggesting either that soluble IIIEan interacts poorly with or that EIIMa" is not expressed in these mutants. It was therefore not surprising that crude IIIMa" preparations did not complement the defect in strain 57P. Second, fructose-PTS activity was derepressed in glucose-grown cells of pseudorevertant 57P (Table 1 ). Derepression of EII F'Yll was confirmed by analysis of phosphoproteins produced by incubating membranes with [32P]PEP and purified EI and HPr (Fig. 1) . Results clearly showed that a phosphoprotein of molecular mass 57.5 kDa corresponding to EIIFrU (Bourassa e t al., 1992) was present in EII"1"n
Kinetics and competition studies
Fructose can be transported by 5. salivarius by two PTS: the constitutive mannose-PTS involving the IIIMan complex and the inducible fructose-PTS (Bourassa & Vadeboncoeur, 1992) . A Hofstee plot for the rate of entry of fructose in fructose-grown cells of the wild-type strain showed a biphasic curve, confirming the presence of two transport systems for fructose, a high-affinity transport system ( K , = 10 pM) and a low-affinity transport system ( K , = 66 pM) (Fig. 2a) . Measurement of fructose entry into glucose-grown cells (Fig. 2b) and fructose-grown cells (not shown) of strain 57P as a function of fructose concentration revealed the presence of a single highaffinity transport system with a K, of 9.5 pM, indicating that the inducible fructose-PTS, derepressed in strain 57P, was the high-affinity system. The affinity of this system for mannose was determined by measuring the entry of mannose into glucose-grown cells of strain 57P as a function of mannose concentration (Fig. 2c) . Mannose uptake in this I11f""-deficient strain was concentrationdependent and obeyed saturation kinetics, thus implying a carrier-mediated uptake. The apparent Ks was 196 pM.
The uptake of fructose by glucose-grown cells of strain 57P was competitively inhibited by mannose (Fig. 3) . The inhibition constant ( K J , determined by the method of Dixon (1953) , was 200 pM, which corresponded to the apparent K, found for mannose. These results substantiated the hypothesis that the inducible fructose-PTS of S. salivarius also transports mannose. This implied that mannose uptake by fructose-grown cells of the wild-type strain is catalysed by two transport systems: a highaffinity system (the constitutive mannose-PTS) and a lowaffinity system (the inducible fructose-PTS). The Hofstee plot of mannose uptake by fructose-grown cells of the wild-type strain exhibited a biphasic curve, demonstrating the presence of a high-affinity system (apparent K, = 10.5 pM) corresponding to the mannose-PTS and the presence of a low-affinity system (apparent K, = 176 pM) corresponding to the inducible fructose-PTS (Fig. 2d) .
Nature of the reaction product
The fate of mannose subsequent to phosphorylation by the inducible fructose-PTS was determined by allowing membranes isolated from glucose-grown cells of strain 57P to phosphorylate mannose, at the expense of PEP, in the presence of purified EI and HPr. We demonstrated the presence of mannose 6-phosphate by measuring its transformation to 6-phosphate gluconolactone by the enzymes mannose-6-phosphate isomerase, glucose-6-phosphate isomerase and glucose-6-phosphate dehydrogenase, with the concomitant reduction of N ADP'
(results not shown). In order to verify that the presence of mannose 6-phosphate did not result from the conversion of mannose 1-phosphate by a mutase present in the membrane which was used as a source of EIIFrU, we added mannose 1-phosphate to a reaction medium that contained no PEP and tested for the presence of mannose 6-phosphate using the assay described above. N o mannose 6-phosphate could be detected after an incubation of 1 h at 37 OC, indicating that the mannose 6-phosphate detected in the PTS assay did not originate from the conversion of mannose 1-phosphate.
DISCUSSION
The protein IIIFan is essential for the activity of the mannose-PTS in S. saliuarius (Bourassa e t al., 1990; Gauthier et al., 1990) . However, several III~""-deficient mutants retain the ability to grow on 0.2% mannose, albeit at a reduced rate (Gauthier r t al., 1990), and constitutively express an inducible EIIFrU (Bourassa & Vadeboncoeur, 1992 (1772) for E. ioli. Moreover, the fructose-PTS, contrary to the mannose-PTS, did not recognize glucose, which differs from mannose only by the position of the hydroxyl group on carhon 2. The Haworth projection formulae of these monosaccharides are shown in Fig. 4 . As can be seen, the carbons that are phosphorylated by the PTS are those that are not involved in either the pyranose ring (carbon 6 in mannose) or in the furanose ring (carbons 1 and 6 in fructow). Therefore, one might speculate that mannose is phosphorylated at the C-6 position by the fructose-PTS because only carbons which are not members of the pyranc )se or the furanose rings could be phosphorylated by the PTS. Moreover, as the fructose-PTS recognized fructose and mannose, but not glucose, it appears that common structural determinants must be found o n fructow and mannose but not on glucose. As seen in Fig.   4 , the position of the hydroxyl group at the C-2 position in mannose, but not in glucose, mimics the C-3 position configuration of fructose. We therefore suggest that this region o f the molecule accounts for the specificity of the inducible EIIFrU. The orientation of the hydroxyl group at the C-2 position in mannose and at the C-3 position in fructow appear, however, to be different relative to the phosphor)rlated carbon (C-6 for mannose and C-1 for fructo\e). This difference obviously affects the affinity of the eruyme for the substrate as demonstrated in this work but i \ not as critical as the orientation of the hydroxyl group o f carbon 2 for mannose and carbon 3 for fructose relatiie to the plane of the sugar (above o r below the heterocycle) for the recognition of the sugar by the enzyme.
O n ihe other hand, as EII"'I"" recognizes mannose, fructose and glucose, it appears that the C-2/C-3 region of these hexoses is not critical for their interaction with the mannose permease. However, the fact that EII""" does not recognize galactose (Vadeboncoeur & Trahan, 1782) suggests that the position of the hydroxyl group at the C-4 position of the hexose (below the heterocycle in glucose, mannose and fructose but above the cycle in galactose) is important in determining the specificity of the mannose permease.
